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ABSTRACT 
Al-GHOUL, MUSTAFA, Masters of Engineering: June, 2017, Masters / Environmental 
Engineering 
Title: Treatment of produced water using an enhanced electrocoagulation process 
Supervisor of Thesis: A.Al Haawari 
Produced water generated during oilfield processes is considered as a major problem that 
requires solving due to its high salinity and pollutant contents. Electrocoagulation is one 
of the promising processes for produced water treatment. In this study, steel slag was 
used as an additional coagulant in the electrocoagulation process for the produced water 
treatment. The impact of current density, reaction time and the amount of added steel slag 
were investigated. For a current density of 10 mA/cm2 at a 10 minute reaction time, it 
was found that the slag sample had a total suspended solids removal of 90% compared to 
55.7% for the pure sample. As for the turbidity the slag sample showed an 85.9% 
removal, and the pure sample showed an 80.1% removal. The oil and grease removal 
percentage were almost the same for the sample with and without the slag at 98.9% 
removal. For the reaction time, it was found that as the reaction time increases the 
percentage removal for the total suspended solids and turbidity increases to a certain 
extent. The optimum removal percentage was obtained at a reaction time of 30 minutes. It 
was found that the slag sample had a 94.8% and a 92.5% total suspended solids and 
turbidity removal percentages, respectively, while the pure sample had a lower removal 
percentage of 90% and 90.3%, respectively. The oil and grease removal percentage were 
similar for both samples where it was 98.6% for the slag sample, and 98.9% for the pure 
 	
iv	
sample. The impact of the amount of added slag was studied for 3 different concentration 
: 5g/L, 10g/L, and 15g/L. It was found that the optimum removal percentage of 
suspended solids, turbidity, and oil and grease were 83%, 55%, 96.5%, respectively, 
using a slag weight of 5 grams. 
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Chapter 1 LITERATURE REVIEW  
1.1. Produced water in Qatar 
Qatar is considered as one of the major gas producers around the world producing 
over 77 MTA of LNG as well as other petrochemical products such as GTL. In the oil 
and gas production process a huge amount of produced water is generated with an 
estimated 4 barrels of produced water for each oil barrel produced.(Adham, 2015) 
According to Qatar Petroleum, Qatar produces over 88.7 Million barrel of oil per 
year throughout its varied drilling sites such as the north field, the offshore fields such as 
Maydan Mahzam, and the onshore field such as Dukan Field. The production capacity of 
all these fields combined of produced water is estimated by a 345 Million barrel per year 
of produced water. The quality of this water varies depending on the origin of the water, 
whether it was originally in the well, or whether if the water was injected into the well to 
enhance the oil and gas recovery process.(Petroleum, 2015) 
 
 
Figure 1: Typical oil and gas reservoir (Norman, 2017)  
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Produced water has many pollutants that require treating such the turbidity, the 
salinity, COD, and the heavy metals content. In order to meet with the regulatory 
demands, many plants and organizations nowadays are implementing techniques to reuse, 
recycle, and manage the produced water production process. These techniques can be as 
follows:  
1- Avoiding produced water production on the surface: This is achieved by injecting 
a polymer gel which blocks water from reaching the surface, or by installing 
water separators, that separate water from oil and gas and re-inject water in any 
suitable formations. 
2- Produced water injection: This is achieved either by injecting the produced water 
in the same formation from which it was taken from, or into a similar formation. 
Treatment process are sometime implemented to get rid of any fouling, scale or 
bacteria from the water prior it’s injection. 
3- Produced water Discharge: This is achieved by discharging the produced water 
after its treatment and ensuring that the quality of the water produced is meeting 
local and international regulations. 
4- Produced water usage in oil operations: Produced water is used after it’s treatment 
to meet operation quality in drilling and other oil and gas extraction related 
process. 
5- Produced water treatment for other usage: This is done, by treating produced 
water to meet local regulations from the water to be used in irrigation and other 
usage such as district cooling. Water treatment process are as a result are 
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implemented to ensure a safe reuse, recycle and disposal of the produced water is 
achieved.(Arthur et al., 2005).  
The characteristics of produced water varies based on its geological location. As per the 
U.S. Geological Survey National Produced Waters database, the characteristics of the 
water can be seen in Table 1 and Table 2 
 
Table 1: 
Inorganic constituent in conventional produced water(Blondes et al., 2016) 
Constituent 
Concentration Range (ppm) 
Low High 
TDS 100 400,000 
Sodium 150,000 150,000 
Chloride 250,000 250,000 
Barium 850 850 
Strontium 6,250 6,250 
Sulfate 15,000 15,000 
Bicarbonate 15,000 15,000 
Calcium 74,000 74,000 
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Table 2: : 
Organic constituent in conventional produced water (Blondes et al., 2016) 
Constituent 
Concentration Range (ppm) 
Low High 
TOC *ND 1700 
COD 1220 
TSS 1.2 1,000 
Total Oil 2 565 
Volatiles 0.39 35 
Total Polars 9.7 600 
Phenols 0.009 23 
Volatile Fatty 
Acids 
2 4,900 
*ND = Below Detection Limit 
 
1.2. Produced water treatment  
The high demand on fresh water resources created the need to find and utilize technology 
to treat the produced water, the quality of the produced water from any application varies 
from one another. The direct usage of produced water is considered as a biological 
hazard, which might cause harm to the environment. Hence the development of the 
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treatment methods and their application to produced water is very important in order to 
recycle and reuse them. The purpose of produced water treatment is the removal of any 
pollutant that may have an adverse effect on the environment. Pollutant such as organic 
matter that consumes oxygen from water, chemical nutrient such as phosphorous and 
nitrogen, bacteria, metals, odors, and suspended solids that exits in the production. 
Furthermore, removal of such pollutants is carried out over several stages with 
specified process (Chin, 2006): 
• Chemical Process: where chemicals are used to separate dissolved and suspended 
particle. These particles tend to not be removed using physical process and hence 
requires the addition of certain chemicals to be separated. However, the addition 
of these chemicals tends to have a negative side on the treatment process 
considering the additional costs. An example of this chemical process can be 
flocculation and coagulation.  
• Biological Process: Where bio degradable material is removed by the addition 
bacteria that removes any and consume any organic content as well as any 
nutrients.  When process is carried in the presence of oxygen, they are referred to 
as aerobic, while in the depravity of oxygen their called anaerobic. An example 
of that can be the activated sludge process. 
• Physical Process: Where solid and biomass are removed by physical process 
without the addition of any chemicals or any bacteria. Examples of that can be 
filtration and sedimentation tanks. 
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Table 3: 
Produce water treatment unit operation (Chin, 2006) 
Unit Operation 
Physical 
Process 
Flotation 
Sedimentation 
Filtration 
Biological 
Process 
Anaerobic Process 
Aerobic Process 
Chemical 
Process 
Adsorption 
Membrane Separation 
Chemical Oxidation 
Coagulation/ 
Electrocoagulation 
 
1.2.1. Oil	and	grease	treatment	in	produced	water		
 
Oil and grease removal from produced water means the removal of oil in all of its 
forms from the produced water. These forms can be as normal oil (Free), dispersed and 
emulsified oil droplet. The treatment process of the oil and grease should meet the 
USEPA standards, for it to be used again oil and gas drilling services. The USEPA limits 
for a maximum limit for O&G of 42 mg/L per day and a 29 mg/L per month on average.  
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Moreover, the following technologies are commonly used to treat the oil and grease 
based on their different particle size.  
 
Table 4:  
Oil and grease removal technologies based on oil and grease particle sizes (Arthur et al., 
2005) 
Oil Removal Technology Minimum size of particles 
removed (microns) 
API gravity separator 150 
Corrugated plate separator 40 
Induced gas floatation (no flocculants) 25 
Induced gas floatation (with flocculants) 3 – 5 
Hydrocyclone 10 – 15 
Mesh coalescer 5 
Media filter 5 
Centrifuge 2 
Membrane filter 0.01 
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API separator and hyrocyclone are the two most common technologies used to 
treat the produced water for variable aspects. API gravity separator is based on gravity 
where the particles are left to settle down under the force of gravity only, where these the 
oil particles tends to flocculate or coagulates under the right operating conditions. This 
lead to the fact that the separation process is dependent on the retention time and the 
design of the tank. However, as the oil particles properties vary, the efficiency of the 
separation process tends to change, especially when considering smaller or emulsified oil 
droplets. Another side effect for this process is that it requires a high capital cost, long 
maintenance time as well as the quality of the treatment of the produced water being 
dependent on the design of the tank.(Pintor et al., 2016) 
 
 
Figure 2: Typical separator (Systems, 2014)  
 
Hydrocyclones is another piece of technology that utilizes the centrifugal force to 
separate heavy water particles out, while keeps the light oil droplet in the middle of the 
cone. The addition of gravity provides a better separation process. The technology of 
such device provides a better removal even at high oil organic concentrations. A side 
effect that takes place in this process at normal operating conditions is the large pressure 
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drop within the device causing a limitation in the removal process of any other solids as 
well as the high maintenance costs , and the blockages by solids accumulation within the 
bottom of the cone or on its surface.(Mines, 2009) 
 
1.2.2. Soluble	organics	treatment	in	produced	water	
 
Water soluble organics are organics present in the water of the produced water. It is 
considered as a part of the oil and grease within the produced water, but can’t be removed 
with the conventional methods used to treat oil and grease. This is due to its solubility in 
water. Some compounds are partially formed in small quantities are aromatics such as 
benzene, toluene, ethylbenzene, and xylenes. These compounds tend not to be effected by 
pH greatly. However, some of the polar hydrocarbons such as the fatty acid are sensitive 
to the pH and tend to change their solubility in water based on it. At a high pH these fatty 
acid will be in ionic form and will tend to be soluble in water. At a low pH they will tend 
to form carboxylic acid molecules which aren’t as soluble in water. This is shown in 
Figure 3 
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Figure 3: Fatty acid changes within different pH mediums (Keeper, 2013) 
 
 A common method used to treat water soluble organics is by adsorption. 
Adsorption columns filled with adsorbent solids that are stacked in pours increase their 
surface are with the produced water to be treated. The higher the pours and the surface 
area of the column, the higher the removal percentage of these organics. Adsorbent can 
extend to a wide range of filtrate such as activated carbon and clay. A key factor that 
limits the effectiveness of the process is the retention time and the capacity of the 
column. Another approach used to treat water soluble organics is by oxidation by strong 
oxidizer such as H2O2, O3 , or OH ions. These oxides tend to dissolve any organics into 
CO2, which is then stripped by UV air stripper. 
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1.2.3. 	Total	dissolved	solids	treatment	in	produced	water	
 
Dissolved solids and salts is another pollutant needed to be removed from 
produced water (i.e.: TDS in produced water is estimated by an average of 2,000- 
150,000 ppm). The selection of the desalination technology is greatly dependent on the 
quality of the produced water and the TDS concentrations. Technologies such as 
membrane, evaporation and filtration and electrocoagulation are the common methods to 
treat dissolved solids. 
1.2.4. Advanced	treatment	of	produced	water	
 
The produce water contains various amounts of algae and bacteria to be treated in 
ordered to prevent scale formation or any contaminant in the water after it’s treatment. 
Treatment technique of such contaminants include the use of various chemicals such as 
chorine, O3 or the use of pH variation chemicals. An alternative treatment method include 
the use of UV light.(Keeper, 2013) 
Several researches are being conducted to evaluate the efficiency of each of these 
technologies as well as the feasibility of their applications in real work environment. (Xu 
et al., 2011) .One technology that hold high potential in terms of cost effectiveness and 
maintenance cost as well as oil and grease removal percentage is the electrocoagulation 
process.  
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1.3. Electrocoagulation treatment process  
1.3.1. Electrocoagulation		
Electrocoagulation process, discovered by Michael Faraday in the 19th century, 
utilizes the electrochemistry science to coagulate, flocculate and oxidize particles in 
waste water. (Chen et al., 2005). In electrocoagulation an electric current passes through 
an electrolyte between two electrodes resulting in a chemical reaction (Lin et al, 1998). 
The electrocoagulation process is able to remove pollutants from water by electro 
flocculation, electro coagulation and electro oxidation, where these pollutants are 
removed by destabilizing and neutralization of the repulsive forces between the 
suspended particles. These forces, once neutralized, will cause the suspended particles to 
form larger particles, and hence settle down. This allows an advantage for this process 
over other processes and that is the ability to treat oily water. This happens as a result of 
the electric current taking part in the electro coalescence of oil droplets that are 
considered quiet small (Mhatre et al., 2015). 
 
1.3.2. Colloidal	particles	stability	and	destabilization		
Electrocoagulation process is considered as an efficient process that utilizes its ability to 
destabilize any oil emulsion when in water. This takes place as a result of the oil droplets 
having a negative net charge at their surface. According to Helmholtz theory, an 
electrical double layer is formed between the negative oil droplet and the positive ions 
from the surrounding solution bulk layer. (Volkov et al., 1996). This double layer 
potentials’ tends to decrease when moving away from the oil droplet surface, creating a 
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repulsive force between oil droplets surfaces and hence preventing them from colliding. 
This force is represented by zeta potential which is the potential difference between the 
surface of the droplet surface and the surrounding bulk. It helps in identifying whether or 
not emulsion will stabilize or not within the solution, where the higher its value the 
higher the chances for the emulsion to stabilize during the electrocoagulation process 
(Volkov et al., 1996). The electrical double layer and its regions can be illustrated in 
Figure 4. 
 
 
Figure 4: Double layer electrical potential regions form around an oil droplet (Volkov et 
al., 1996) 
 
Breaking these emulsions in the bulk solution can be contributed to two 
processes. The first process takes place when the ions generated at the anode start 
neutralizing the charge of the ionic species present in the water resulting in reducing the 
electrostatic antiparticle repulsion between the oil droplet and the bulk water, which in 
return forms flocs that settles down in the form of sludge  (Mollah et al., 2004). The 
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second process takes place as a result of a reaction at the cathode, where hydrogen 
bubbles are formed resulting in an adhesion between the oil droplets and the hydrogen 
bubble, which in turn rise to the surface in the form of sweep flocculation. (Bennett et al. 
, 1988).  
 
1.4. Steel slag 
Steel slag is a by-product produced in modern days’ steel manufacturing process. 
It is produced during the steel separation process from impurities taking the form of a 
molten liquid metals, which once solidified, turns into metal oxides and silicates solids.  
The steel slag consists primary from Fe2O3, CaO, and some other metals such as Mn, Mg 
and silicate materials. 
In general, the steel is produced via two technologies now days, the oxygen steel 
convertor and the electric arc blast process. In the oxygen steel convertor process, steel is 
manufactured by different stages starting with the blast furnace where the steel is 
separated from other inlet components and impurities such as slag. After that the steel is 
produced to transferred from the bottom of the furnace to a transportation ladle, where a 
layer of slag is formed on top of it called Ladle Slag. After that the product is taken in the 
oxygen convertor where any impurities such as calcium and silicate are oxidized under 
the effect of excess oxidization process, resulting in the formation of slag as by-product 
called raker slag. Followed by that, the steel is introduced to the ladle, where extra 
impurities are removed from the steel exiting the oxygen converter, by introducing an 
inert gas to the mixture, resulting in the formation of the slag on the surface of the ladle 
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referred to as the pit slag, which is then removed. The slag process throughout the 
process would have different characteristics and qualities ranging from high to low 
depending on its disposal location. Figure 5 shows the disposal location, in which the slag 
is produced throughout the steel manufacturing process in order from top to bottom. 
 
 
Figure 5: Steel slag disposal location in steel manufacturing industries  
 
Qatar steel produces an estimate of 400,000 tons of slag every year. The 
production of such amount poses a difficult problem to solve in terms of disposal or 
recyclability for the company and for Qatar in general. One of the solutions the poses 
potential for the slag usage is its usage in the electrocoagulation process of produced 
water.  
  
Slag Disposal	
Location	in	Steel	
Manifacturing	
industiries	
Slag Furnace	
Steel	Slag
Ladle Slag
Raker	Slag
Pit	Slag	
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1.5. Previous electrocoagulation studies on produced water  
Several recent papers studied variable aspects of the oil and grease as well as the 
suspended solid and other pollutant removal from the water samples using various 
configurations and operating condition of the electrocoagulation process recently  
Rupesh, reported using the electrocoagulation process to treat oil field produced 
water from emulation oils particles. In his experiment, perforated aluminum electrodes 
were used under different reaction times, voltage and pH. The effect of the running 
voltage and the running time on the oil and grease removal percentage and the relation of 
the NaCl percent in the sample were studied in the experiments as well. His findings 
showed 90% oil and grease removal efficiency under these conditions at a 20 minutes’ 
runtime and 5V at a 4.72 A current. (Bande et al., 2008). 
Kirt also achieved similar removal percentage, when treating biodiesel waste 
water from oil and grease using iron electrodes, reaching the optimum conditions at a18.2 
V, 23.5 minute of reaction time and a pH of 6. The initial oil and grease concentration 
was at 18000-22000 ppm and was decrease to 80 ppm when at 25 minute reaction time 
and at a current density of 100 A/m2(Ngamlerdpokin et al., 2011). 
Moreover, Xinhua in his treatment of oily refractory water, considered many 
factors and operational parameters, such as the current density, the conductivity, the 
electrode distances as well as the initial pH of the water prior the electrocoagulation 
treatment. By trial and error, the optimum operating conditions were found to be at a 
current density of 10-14 A/m2 at 30 minute of reaction time, with no effect of the 
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conductivity on the generated results what so ever. The final oil and grease removal 
efficiency achieved was estimate at 90% removal percentage (Xu and Zhu, 2004). 
Additionally, In 2008 Guillermo studied the removal of oil and grease as well as 
other heavy metal such as Cu, and Ni from a sample of synthetic bilge water. The 
electrocoagulation process was carried out in a continuous flow reactor.  The continuous 
reactor was run at volumetric flow rate of 1L/min, and the electrodes used were made of 
carbon steel and as well aluminum, at a current density of 0.6 A/m2. The 
electrocoagulation process showed high oil and grease and heavy metal removal 
percentage, with an estimated 99% removal for the oil and grease decreasing from 5000 
ppm to 10 ppm at the mentioned conditions(Rincón et al., 2014). 
According to Merma who studied the Electrocoagulation process of oily water in 
general to identify the key factors that affect the amount of sludge generated and the 
pollutants removed from the treated waste water. Synthesized oil water was obtained 
from shell by him of an oil concentration of 3000 ppm and variable operating conditions 
of the electrocoagulation process in terms of electrode configurations and material were 
studied .The results showed that the hydrogen bubbles generated at the cathode and hence 
the amount of flocculants and sludge generated in the solution and the pollutants 
removed,  greatly depends on the material of the electrodes used, the pH of the solution 
as well the surface area of the electrode exposed to the surrounding solution (Merma & 
Leonardo, 2008). 
The results generate and much more show high potential for oil and grease, 
turbidity and the TSS removal from produced water using the electrocoagulation. The 
 	
18	
efficiency and the removal percentage of each one of these parameters, is determined by 
several factors such as the current density, the reaction time, the frequency of the reaction 
timing, the initial pH and conductivity of the solution, as well as the material of the 
electrodes used and the distance between them. In this project, only two parameters were 
studied extensively and they are the current density and the reaction time 
The current density holds a great important for the electrocoagulation process. The 
amount of sludge, bubble formation as well as separation process of the pollutants from 
the waste water, is greatly dependent on the amount of current density supplied 
throughout the system. The greater the current density, the higher the removal percentage 
of any pollutants such as the turbidity, the total suspended solids as well the oil and 
grease(Nanseu-Njiki et al., 2009). 
De-colorization is another aspect that is dependent on the current density used and the 
material of the electrodes used, where the de-colorization effect can reach up to a 90% 
removal efficiency (Daneshvar et al., 2004). 
Moreover, according to Tir, the increase in the current density increase the amount of 
Fe(OH)3 generated in the solution, which enhances the coagulation and the 
destabilization process (Tir & Mostefa, 2008). 
However, the excess generation of the hydrogen at the cathode resulted from 
increasing the current density can result sometime in an adverse effect on the coagulation 
process if not controlled properly as reported by Guohua. (Chen, 2004). 
The size of the hydrogen bubble greatly effects and can hinder the effectiveness of the 
current density from forming any colloids, and hence the removal efficiency as reported 
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by chen et al. (2002). Furthermore, the excess increase in the current density can hold 
other side effects on the separation process. Effects such as the high operating cost in 
terms of power consumption, as well as an excess usage of the electrodes and their 
consumption. 
The reaction time of the electrocoagulation process, is another important factor to be 
considered in that would greatly influence the coagulation process. At longer reaction 
time the amount of coagulants generated in the solution from the electrodes greatly 
increases, which in turns increase the removal efficiency of all the pollutants present. 
This takes place as a result of the metal hydroxide generated from the anodes, will tend to 
destabilize the oil and grease collides and particles and coagulate them at a longer 
reaction time causing them to destabilize as reported by Chou(Chou et al., 2009). 
Although removal efficiency at longer reaction times can up to 99% percent from the oil 
and grease removal at a longer reaction times. However, this would cause adverse effect 
on the treatment process, because of the increase in the power consumption due to the 
longer reaction times, as well as extra cost for the electrodes and their reusability, and the 
materials used to clean the electrodes. This can be avoided by finding the optimum 
reaction time, at which high efficiency is achieved, without the need for longer reaction 
time to minimize the cost. 
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The purpose of this research is to use steel slag as a potential additive in order to 
enhance the electrocoagulation process. The impact of different parameters will be 
studied: 
1) The reaction time (i.e. 10, 30, and 60 minutes). 
2) The current density (i.e. 10, 30, and 60 mA/cm2). 
3) The amount of added steel slag per liter of produced water sample (i.e. 5, 10, and 
15 g).  
Chapter 2 EXPERIMENTAL METHODS AND PROCEDURE  
2.1. Experimental setup 
 
The EC treatment process was run in a 1-liter volume beaker containing produced 
water with  two rectangular aluminum plates (9.8 cm x 5.5 cm) of 1 mm thickness and a 
gap distance of 2.5 cm, were submerged in the water and were connected to a DC 
amplifier. Figure 6 shows a view of a two aluminum plates mounted on a poly vinyl 
chloride spacer of 2.5 cm. 
 
 
Figure 6:The mount holding the Anode and the cathode with a 2.5 cm spacing 
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Prior using these aluminum plates, they were cleaned from any metal oxidants 
using hydrochloric acid and sand paper. The aluminum plate connected to the positive 
amplified input served as an anode, while the one connected to the negative input served 
as a cathode. The amplifier allows in changing the current and voltage supplied to the 
system and hence, changing the current density supplied through the anode over any 
period. The beaker on the thermal plate was to allow the magnetic stirrer within the 
beaker to provide a uniform mixing of the generated chemicals within the produced 
water, when the electrochemical reaction takes place. An overall view of the setup is seen 
in Figure 7.  The experimental set up was divided into experiment to be run at the same 
time. One sample contained a pure produced water sample, while the other contained 
varied amount of slag. Figure 8 shows an overall view of the EC system used in the 
produced water treatment, with the left sample containing pure produced water while the 
left sample contain 5 grams of slag. 
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Figure 7: Schematic Diagram of the EC system 
 
 
 
Figure 8: Overall view of the EC system used , with a slag containing run and a pure 
sample run. 
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The experiments conducted were carried out over 250 RPM stirring, at a 
temperature of 22.5oC, over different timelines of 10, 30, and 60 minutes, and different 
current densities of 10, 30, and 60 mA/cm2. After the experiments, the amplifier was 
switched off, and the stirring stopped, where the sample was left to settle down for 2 
hours. After that time the a sludge layer was formed at the bottoms of the beaker, while a 
flocculent layer is formed on its surface. A tube is inserted into the sample prior to its 
settling, to allow the sample collection process without causing any disturbances in the 
sludge and the fluctuant layers, where a peristaltic pump was connected to this tube and a 
150 ml sample was taken for the oil and grease, TSS and turbidity analysis. The 
aluminum anode used in the process weight is measured before and after the process for 
the anode reduction percentage, and the rest of the produced water formed from the 
reaction is taken for sludge analysis using the imhoeff cone. 
2.2. Experimental analysis  
2.2.1. Conductivity	and	pH	measurement		
The conductivity of the produced water and its pH is carried out before and after 
the electrocoagulation process, to ensure that the decrease in the produce water 
temperature, will not affect the pH and the conductivity. This was achieved by collecting 
a small sample from the treated water and getting the required reading of it. It’s worth 
mentioning that the conductivity of the produced water was considered high salinity, 
while maintaining a neutral pH at 6.2 pre-treatment. 
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2.2.2. Total	suspended	solids	measurement	
The total suspended solids removal was measured for the sample in hand, pre-and 
after treatment in order to estimate the percentage of removal, and hence to evaluate the 
effectiveness of the slag on the treatment process over the non-slag containing sample. A 
sample of 150 mL was collected from the pure treated sample and the slag containing 
sample after 2 hours of settling time. These samples can be seen in Figure 9. Out of the 
150 mL samples, 50 mL were used for the TSS measurements, and a 100 ml were used 
for the oil and grease measurement. 
 
 
Figure 9: 50 mL samples used for TSS measurements alongside 100 mL samples used in 
the oil and grease measurement 
 
The samples collected where filtered using TSS Glass Fiber Filter of Pore Size 1.5 µm 
and a suction pump. Initial weight reading were recorded, and then the filtrate was placed 
in an oven at 105 OC for 2 hours’ period to remove any organic material and any liquid 
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traces from the filtrate. After that, the sample were left to cool down, and were weighted 
again for the TSS calculation. The TSS samples after being dried of are seen in Figure 10. 
 
 
Figure 10: TSS papers sample after being heated over 2 hours at 105 oC 
 
The equations below were used to calculate the TSS: 𝑇𝑆𝑆	 𝑝𝑝𝑚
= 𝑃𝑎𝑝𝑒𝑟	𝑊𝑒𝑖𝑔ℎ𝑡	𝐴𝑓𝑡𝑒𝑟 𝑔𝑟𝑎𝑚𝑠 − 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑	𝑃𝑎𝑝𝑒𝑟	𝑤𝑒𝑖𝑔ℎ𝑡 𝑔𝑟𝑎𝑚𝑠 𝑥	 1000𝑚𝑔𝑔 𝑥 1000𝑚𝐿𝐿50	𝑚𝐿  
After calculating that the percentage of TSS removal was calculated by comparing the 
sample TSS with the raw produced water sample’s TSS weight according the following 
equation: 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	𝑜𝑓	𝑟𝑒𝑚𝑜𝑣𝑎𝑙
= 	𝑅𝑎𝑤	𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑	𝑤𝑎𝑡𝑒𝑟	𝑠𝑎𝑚𝑝𝑙𝑒	𝑇𝑆𝑆 − 𝑇𝑟𝑒𝑎𝑡𝑒𝑑	𝑠𝑎𝑚𝑝𝑙𝑒	𝑇𝑆𝑆			𝑅𝑎	𝑤	𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑	𝑤𝑎𝑡𝑒𝑟	𝑠𝑎𝑚𝑝𝑙𝑒	𝑇𝑆𝑆	 	𝑥	100% 
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2.2.3. Turbidity	measurement		
The turbidity of the produced water was measured pre-and after EC treatment 
process. Samples of 25ml were taking in the same manner as the TSS sample to ensure a 
clear solution as possible. These sample were then measured for turbidity using Hach 
2100P. Prior the measurement of any samples, the device was calibrated and the glass 
container samples were cleaned with water and soup to ensure that the remaining of any 
previous samples were removed, after which, the sample were measured. 
 
2.2.4. Oil	and	grease	measurement		
Oil and grease concentration were measured as well for all samples using the 
ASTM D 7066-04 standards. The technique used in doing so was liquid separation 
carried out on different stages. To measure oil and grease concentrations at first 100 ml of 
the sample was taken and mixed with a 20 ml of S316 polymeric solvent and a 1 ml of 
1:1 HCl. This mixture was then well mixed for 5 minutes in a conical flask, and left to 
separate for 10 minutes. Figure 11 shows the liquid separation process for a slag 
containing sample and a pure one.  
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Figure 11: Oil and grease liquid separation process 
 
When the separation was noticed after 10 minutes, the bottoms layer (the Oil 
layer) was let to run through a filter paper containing sodium sulfate to prevent any liquid 
from reaching the collected sample.  The sample collected was then measured on Horiba 
oil content analyzer OCMA 350.The reading given by the device were interpolated into 
the actual reading in ppm as the follows  𝑂𝑖𝑙	𝑎𝑛𝑑	𝐺𝑟𝑒𝑎𝑠𝑒	𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	 𝑝𝑝𝑚
=	𝑅𝑒𝑎𝑑𝑖𝑛𝑔 𝑝𝑝𝑚 	𝑥	𝐷𝑖𝑙𝑙𝑢𝑡𝑖𝑜𝑛	𝐹𝑎𝑐𝑡𝑜𝑟	𝑥	𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑉𝑜𝑙. (𝑚𝐿)𝑆𝑎𝑚𝑝𝑙𝑒	𝑉𝑜𝑙. 𝑚𝐿  
  
 	
28	
2.2.5. Sludge	measurement		
Sludge measurement was preceded after the EC treatment process. After all the 
reading were recorded for the rest of the tests, the left of the sample was spilled into 
several graduated imhoef cones the solutions were left to settle down over night and then 
the readings were obtained. Readings obtained from the measurement were conveyed by 
ml of sludge per Liter of total solution volume. Figure 12 Shows the sludge formation in 
a slag containing sample and in a pure one. 
 
 
Figure 12: Sludge volume reading through imhoef cone for a slag containing sample 
(left) and pure sample (right) 
 
2.2.6. Anode	consumption		
Aluminum plate weight reduction or gain were measured for all aluminum plates, 
both before and after EC treatment process. Prior the usage of the aluminum plates, they 
were cleaned with hydrochloric acid, to ensure that there isn’t any metal oxide on the 
surface of the aluminum plate that would hinder the electrocoagulation process. After that 
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the plates initial weights were recorded. After the EC treatment process, the aluminum 
plates were washed with water thoroughly, and measured again to be compared to their 
original weight. Anode reduction or consumption percentage was measured by 
comparing the pervious anode weight to the weight after the process and dividing the 
difference over the original anode weight. Figure 13 shows 4 aluminum plates, 2 anodes 
and 2 cathodes after being cleaned for measurement after the EC treatment process. 
 
 
Figure 13: Aluminum plates weight measurements after ec treatment 
	
2.3. Produced water characterization 
 
The produced water used in the experiment was synthesized in the lab. The 
characteristics of the water is as in Table 5. 
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Table 5: 
Synthesized produced water characteristic 
pH 6.3 
Conductivity (mS/cm) 94.4 
Oil and Grease (ppm)  950 
Total Suspended Solids (ppm) 3116 
Color  Black 
Turbidity (NTU) 915 
FeSO4 (ppm) 100 
CaCl2 (ppm) 7000 
KCl (ppm) 2000 
MgCl2 (ppm) 7500 
NaCl (ppm) 55000 
Na2SO4 (ppm) 2000 
NaH2PO4 (ppm) 40 
NaHCO3 (ppm) 1000 
H3BO3 (ppm) 200 
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2.4. Slag characterization  
 
The used in these experiments were extracted from a steel producing plant in the state of 
Qatar. This steel slag sample used was mainly formed from ferric oxide and calcium 
oxide at a 40% of the total weight, and 20% of other metals such as Mg and Al. The 
particles of steel slag tend to have a gravel like textures, while having a blackish particles 
color accompanied by the presence of a white dust particles trapped within these slag 
particles. Prior using these slag sample in the process, they were first cleaned and washed 
with water multiple times, and dried in the oven over night. This was done to ensure that 
they are no dust particles trapped within the slag particles so as not to affect the EC 
process. After that the slag sample was grinded to a 425-nm particle size, allowing the 
particles to have highest/largest surface area, ensuring and providing high efficiency and 
performance to the reaction taking place in the electrocoagulation process. Figure 14 
shows several slag samples, each grinded at a different particle size. 
 
 
Figure 14: Steel slag sample grinded to a different particle size. 
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2.4.1. Scanning	electron	microscope	
SEM short for scanning electron microscope is a technology that emits high 
energy electrons on the surface of a sample to generate a high-resolution image of the 
sample grains, size, crystalline structure, texture and orientations, covering areas ranging 
from 1 cm to 5 microns in width.(Argast & F. Tennis III, 2007) . The SEM analysis was 
conducted on the slag sample both before and after the EC treatment process as will be 
seen in the results and discussion section later. 
2.4.2. FTIR	analysis		
FTIR short for Fourier Transform infrared spectroscopy is a technology that 
utilizes the infrared spectrum of absorption, emission and the Raman scattering of any 
material. This is achieved by collecting a wide range of spectral data achieved by 
measuring the intensity of the dispersive infrared over certain ranges of wavelength. This 
allows for the detection of certain functional groups within the sample. Moreover, The 
FTIR was used to identify organic functional groups within the slag added to the sample, 
both before and after the electrocoagulation process, to give an indication of whether any 
new groups are formed or added to the slag after the electrochemical treatment of the 
produced water sample. 
	
2.4.3. Energy	dispersive	X-ray	analysis		
Energy Dispersive X-ray analysis (EDAX) is one type of the spectral analysis that 
is used to identify and characterize chemical components and their elements. The way an 
EDAX works is by emitting an X-ray beam into the sample, which once reaching the 
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surface of the sample, electrons at higher valence levees are excited and hence jumps out 
of the sample to a detector. This emitted X-ray from the sample tend to have a certain 
wavelength, which depending on the sample’s elements, will have a different X-ray 
wavelength, allowing the device to identify the elements and its atomic weight 
percentages. This method was used to identify the differences between two slag samples, 
One of which prior EC treatment process, and the other after the process. 
 
Chapter 3 RESULTS AND DISCUSSION 
 
The Performance of the pure sample and the slag containing sample were studied 
separately, for the total suspended solids, the turbidity and the oil and grease removal, 
considering certain parameters such as the effect of the current density supplied during 
the electrocoagulation process and the reaction time. After which, both samples 
performances were compared to each other to study the effect of the slag addition and the 
effect of its weight added to the pure sample’s TSS, turbidity and oil and grease removal 
percentage against the current density and the reaction time.  
3.1. The performance of the pure sample 
 
The total suspended solids, turbidity and oil and grease removal percentage is studied, 
for 6 pure samples, 3 of which are studied with variations in the current density ranging 
between 10, 30, and 60 mA/cm2, while at different timelines, and the rest are studied by 
setting periods of reaction time ranging between 10,30, and 60 minutes, while at different 
current densities. 
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As the EC process tool place, several reactions took place in the system, but most 
importantly was the dissolution of the metallic anode cations and the generation of the 
hydroxyl ions and the hydrogen gas at the cathode.  The system used in the case of this 
experiment used aluminum metal as a cathode and anode for the electrocoagulation 
process over the widely-used steel anodes. This is due to the fact that the aluminum 
electrodes show a better removal percentage in terms of total suspended solids, turbidity 
and discoloration over the steel electrodes, even though their price is a bit higher 
(Demirci et al. , 2015). Merzouk et al. (2009) and Thella et al. (2008) stated that the 
following reactions took place, when two aluminum electrodes are used in the 
electrocoagulation process.(Thella et al., 2008) (Merzouk et al.,2009) 
The anode reactions: 𝑨𝒍 → 𝑨𝒍P𝟑(𝒂𝒒) + 𝟑𝒆V 𝑨𝒍	 → 𝑨𝒍P𝟐(𝒂𝒒) + 𝟐𝒆V 
The aluminum will tend to dissociate and oxidize into aluminum (II) and (III) ions 
from the surface of the anode into the water, resulting in generating electrons that pass 
through the external circuit into the cathode. The generation of the Al+3 will stabilize 
colloidal particles by stabilizing their charges. Moreover, another reaction will tend to 
take place at the anode as well, due to the high salinity of the produced water used in the 
experiment, resulting the in the following reaction below, from which more electrons are 
going to be generated in the external circuit, while more O2 and H2(aq) are generated 
within the water.  𝟐𝑯𝟐𝑶(𝒍) → 𝟒𝑯(𝒂𝒒)P + 𝑶𝟐 + 𝟒𝒆V 
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𝟐𝑪𝒍V 	→ 𝑪𝒍𝟐 + 𝟐𝒆 
At cathode, the water will react with the surface of the cathode and the following 
reactions take place: 
The cathode reactions 𝟐𝑯𝟐𝑶(𝒍) + 𝟐𝒆V → 𝑯𝟐(𝒈) + 𝟐𝑶𝑯	– 𝟐𝑯P + 𝟐𝒆V → 𝑯𝟐(𝒈) 
The overall reaction is as follows: 𝑨𝒍P𝟑 + 𝑶𝑯V𝟏 → 𝑨𝒍𝟐(𝑶𝑯)𝟑 +	𝑯𝟐(𝒈) 
It’s worth mentioning that some aluminum ions at the anode will be in hydroxide 
form, forming a wide range of unstable aluminum hydroxides, that are stabilized by the 
produced water content, by the hydroxides generated at the cathode, or by the chloride 
generated at the anode. 
3.1.1. Effect	of	current	density		
 
The Total suspended solids, turbidity and oil and grease removal percentage were 
studied, for 3 pure samples, each of which was set at a current density ranging between 
10, 30, and 60 mA/cm2, for a period of time between 10 to 60 minutes. This is achieved 
to assess the effectiveness of current density variation on the parameters’ percentage of 
removal. The samples with different current densities are given abbreviations as follows: 
CD10- sample with a current density of 10 mA/cm2, CD30- sample with a current density 
of 30 mA/cm2 ,and CD60- sample with a current density of 60 mA/cm2 . 
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Figure 15: TSS removal for 3 pure samples at different current densities at different 
timelines 
 
Figure 15 shows the total suspended solids removal percentage in 3 pure samples, 
each run at a three time intervals ranging between 10, 30, and 60 minutes at different 
current densities of 10, 30 and 60 mA/cm2. At 10 minutes’ reaction rime, CD10 sample 
showed the lowest TSS removal with 55.73% removal, while the CD30 sample is showed 
the highest removal at 91.73%. As for the CD60 sample the removal percentage was 
90.8%. As the reaction time reaches 30 minutes, the TSS removal percentage was 
enhanced by 61.49% for CD10 at 90%, by 3.78% for CD30 at 95.2%, and by 9.77% for 
CD60 at 99.67%. At a reaction time of 60 minutes, CD10 and CD30 samples seemed to 
exhibit more improvement in terms of TSS removal performance with 7.41% for CD10 at 
96.67% and by 3.5% for CD30 at 98.53%. As for CD60 a slight decline which was 
estimated by 0.8% in the TSS removal percentage. This enhancement in TSS removal 
pattern and their corresponding removal was reported by several authors. (Phalakornkule 
et al., 2010) This improvement could be correlated due to the charge neutralization 
mechanism that tends to take place more effectively with the longer reaction time and the 
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higher current density, resulting in an increase in the coagulant formation rate, and hence 
increasing the TSS removal rate. (Rahmalan, 2009). 
 
 
Figure 16: Turbidity removal for 3 pure samples at different current densities at different 
timelines 
 
The turbidity removal for these 3 pure samples is illustrated in Figure 16. As seen, 
The CD10 sample showed a 80.1% turbidity removal percentage after a 10 minutes 
reaction time, and as the time reached 30 minutes, a 90.3% removal was achieved for the 
same current density, leading to a 98.77% of turbidity removal after 1 hour of reaction 
time. The same trend are as the CD30 sample where the turbidity removal percentage was 
96%, 97.3%, and 98.7% for the time period of 10 ,30, and 60 minutes, correspondingly. 
It’s worth mentioning that no major improvement was recorded in the turbidity removal 
at a high current density due to the rapid hydrogen formation on the cathode breaking the 
flocs formed from the coagulation process as reported by Mollah et al. (2001). 
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Figure 17: Oil and grease removal for 3 pure samples at different current densities at 
different timelines 
 
As for Figure 17 , oil and grease removal percentage is illustrated for the same 3 
samples, each at different current density. The percentage of removal is very for all the 
sample exceeding 98%. At 10 minutes’ reaction time, the oil and grease removal 
achieved for the sample were as follows: CD10:98.91%, CD30:98.8, and CD60 99.48. As 
it can be noticed that as the current density increases at a 10 minutes’ timeline, the 
removal is seen to improves as well. After 30 minutes of reaction time the oil and grease 
removal remained the same for all sample except for the CD30 where the removal 
reached 93.7%. After 60 minutes of reaction time all the sample removal percentage 
reached over 98.5% except for the cd10 sample which dropped to 98.32%.As it can be 
observed that as  the higher the current density reaches the higher the oil and grease 
removal occured which makes CD60 at a 60 minutes’ reaction time being the highest 
removal at a 99.7% removal. It’s worth mentioning that the variation amongst all the oil 
and grease removal percentage is almost similar, at 10 minutes of reaction time. This 
results relates to the result reported by Ayhan which indicated that after a longer reaction 
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time at a certain current density, an optimum oil and grease removal is achieved, and that 
the higher the current density , the faster the ability to reach that optimum removal 
point.(Şengil & özacar, 2006) 
3.1.2. Effect	of	reaction	time		
The effect of the reaction time of the pure samples against the current density on the 
total suspended solids, the turbidity and the oil and grease removal percentage was 
studied and shown in the figures below. 
 
 
Figure 18: TSS removal for 3 pure samples in reaction times at different Current 
Densities 
 
Figure 18 shows the relationship of 3 samples containing pure sample .The run 
time was studied was carried out at a certain current density ranging between 10 , 30 and 
60 mA/cm2 and at different reaction times ranging between 10 , 30 and 60 minutes. At a 
current density of 10 mA/cm2, the sample with a reaction time of 60 minutes is achieving 
the highest TSS removal at a 96.67% removal was achieved, when compared with 30 
minutes and the 10 minutes’ reaction time samples, at a 90% and 55.73% removal 
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percentage respectively. As the current density increases to 30 mA/cm2, an average of 
24% overall improvement in TSS removal is achieved for all sample with the 
improvement percentage of: 10 minutes’ reaction time: 64.6% improvement, 30 minutes’ 
reaction time:5.78% improvement, and 60 minutes’ reaction time :1.92% improvement. 
At a current density of 60 mA/cm2, the TSS removal is enhanced slightly for the sample 
run of 30 and 60 minutes resulting in a 99.67% and 98.87% TSS removal respectively, 
while the 10 minutes’ sample having a lower removal than when at a current density of 
30 mA/cm2 at a 90.8% TSS removal. 
 
 
Figure 19: Turbidity removal for 3 pure samples in reaction times at different Current 
Densities 
 
Figure 19 shows the turbidity removal for the same 3 sample shown in Figure 18. 
In the figure it can be seen that at a current density of 10mA/cm2 the turbidity removal 
was 80.1% at a 10 minutes’ reaction time, and the removal percentage increased as the 
reaction time increased reaching 90.3% at a 30 minutes’ reaction time, and 98.77% at a 
60 minutes’ reaction time. As the current density reached 30 mA\cm2, the turbidity 
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removal percentage started to stabilize to reach an average removal of 97% with 60 
minutes reaction time being the highest at a 98.7% and the 10 minutes reaction time 
being the lowest at a 96%. At 60 mA/cm2 , all the reaction time samples seemed to have a 
similar turbidity removal at 99% with small variation between the sample of a value of 
99.35±0.25. 
 
 
Figure 20: Oil and grease removal for 3 pure samples in reaction times at different 
Current Densities 
 
The oil and grease removal percentage is illustrated in Figure 20. Overall variation 
amongst all samples at all current densities and all reaction times seemed to exhibit a 
similar performance, as in the case of the oil and grease removal with the samples run at 
60 mA/cm2 had the highest oil and grease removal at a 99.66% for the 60 minutes’ 
reaction time and a lowest value at a 30 minutes reaction time at a 99.34%, while the rest 
of the samples at 10 and 30 mA/cm2 had the same removal at all reaction times at an 
approximately 98% removal. 
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3.2. The slag sample performance  
The total suspended solids, turbidity and oil and grease removal percentage was 
studied, for 6 slag containing samples, 3 of which were studied with variations in the 
current density ranging between 10, 30, and 60 mA/cm2, and at different timelines, while 
the rest were studied by setting periods of reaction times ranging between 10,30, and 60 
minutes, and at different current densities. 
The addition of the steel slag contributed to the reactions taking place within the 
produced water. It’s presence in the produced water tends to change the pH of the water 
initially slightly, then when not added. Furthermore, as the electrocoagulation reaction 
takes place in the water, initially the slag does not react as much as the anode and the 
cathode. However, as the reaction time and the current density change, various reactions 
start to take place within the produced water. These reactions are as follows (Şengil & 
özacar, 2006):  𝑭𝒆 𝒔 → 𝑭𝒆P𝟐 + 𝟐𝒆 𝑭𝒆P𝟐 + 𝟑𝑯𝟐𝑶 → 𝑭𝒆𝟐𝑶𝟑	 𝒔 + 𝟔𝑯P + 𝟐𝒆 𝟒𝑭𝒆(𝒔) + 𝟑𝑶𝟐 → 𝟐𝑭𝒆𝟐𝑶𝟑	(𝑺) 𝑭𝒆𝟐𝑶𝟑 + 𝟑𝑪𝒍𝑶V𝟏 + 𝑶𝑯V𝟏 → 𝟐𝑯𝟐𝑶 + 𝟑𝑪𝒍V𝟏 + 𝟐𝑭𝒆𝑶𝟒V𝟐(𝒂𝒒) 𝟐𝑭𝒆𝑶𝟒V𝟐(𝒂𝒒) + 𝟒𝑯𝟐𝑶 + 𝟑𝒆 → 𝑭𝒆(𝑶𝑯)𝟑	(𝒔) + 𝟓𝑶𝑯V𝟏 
As seen from the reactions, one of the products generated from the presence of the 
slag, is the OH. This results in changing the pH of the produced water to reach 7, which 
in return forms Fe(OH)3  as illustrated in Figure 21. Its presence contributes in forming 
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and settling more sludge from the oil and grease particles present in the produced water. 
This takes place as a result of the diffusion process of the Al and Fe ions through the 
double layer formed around the oil and grease colloidal particles, which in turn reduces 
the electrical double layer as well as the repulsive forces between the oil particles, 
leading them to settle down. 
Another process that takes place in the presence of the slag in the produced water 
is the sweep coagulation process. This process takes place as a result of the metal salts 
formation, which forms insoluble metal hydrates. This metal hydrate causes a sweep 
electrocoagulation process and precipitates and forms a sludge layer in the solutions. An 
overall view of the electrocoagulation process in the produced water in the presence of 
the slag can be seen in Figure 23.(D. Ghernaout, Naceur, & Ghernaout, 2011).More over 
the flocculent formed because of the EC reaction can be visible in Figure 22 .  
 
 
Figure 21: E-pH diagram of Fe at room temperature (Moussa et al., 2017) 
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Figure 22: Pure and slag sample forming a flocculent layer after the EC process 
 
 
 
Figure 23: Overall electrocoagulation process in produced water in the presence of steel 
slag 
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Figure 24: EDAX analysis of 425nm Slag sample prior EC Process 
 
Figure 24 and Table 6 shows energy dispersive x-ray test and the elemental 
analysis for a slag sample of 425 nm particle size before EC process. In the data, the 
percentage of Fe is at a 21.7 % with a 36% of O in the sample indicating the presence of 
Fe2O3 in the sample. Also, Figure 25 shows the infrared spectrum for a slag sample of 
425 nm particle size. The only where it can be seen that only the presence of Fe-O bond 
can be seen at 500 cm-1. 
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Table 6:  
EDAX analysis of 425nm Slag sample prior EC Process 
Elements	 Atomic	Number	 Atomic	Weight	%	
C	/Al	 6	/	13	 3.79	/	2.24	
O	 8	 36.2	
Mg	 12	 5.2	
Si	 14	 5.53	
Ca	 20	 22.53	
Ti	/	Mn	 22	/	25	 1.1	/	1.72	
Fe	 26	 21.7	
 
 
 
Figure 25: FTIR image of a slag sample prior EC Treatment	  
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3.2.1. Effect	of	current	density		
The total suspended solids, turbidity and oil and grease removal percentage were 
studied, for 3 slag containing samples, each of which is set at a current density ranging 
between 10, 30, and 60 mA/cm2, for a period of time of 10,30 and 60 minutes. This was 
achieved to assess the effectiveness of current density variation on the parameters’ 
percentage of removal. 
 
 
Figure 26: TSS removal for 3 Slag containing samples at different current densities at 
different timelines 
 
Figure 26 shows the total suspended solids removal percentage in a 3 slag 
containing samples, each run at three time intervals ranging between 10, 30, and 60 
minutes at different current densities of 10, 30 and 60 mA/cm2. At 10 minutes’ reaction 
time, CD60 sample is showed a lowest TSS removal with 89% removal, while the CD30 
sample is showed the highest removal at 98.67%. As for the CD10 sample the removal 
percentage was 89.73%. As the reaction time reaches 30 minutes, the TSS removal 
percentage was enhanced by 5.68% for CD10 at 94.83% and by 11.38% for CD60 at 
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99.13%. As for the CD30 sample, the TSS removal was decreased by 2% at a 96.67%. At 
a reaction time of 60 minutes, CD10 sample seemed to exhibit more improvement in 
terms of TSS removal performance by 3% for CD10 at 97.6%. As for the CD30 and 
CD60 samples, the removal declined slightly by 0.4% for CD30 at 6.27% and by 1% for 
CD60 at 98.13% in the TSS removal is noticed. 
 
 
Figure 27: Turbidity removal for 3 Slag containing samples at different current densities 
at different timelines 
 
The turbidity removal for these 3 pure samples is illustrated in Figure 27. As seen, 
The CD10 sample showed an 85.9% turbidity removal percentage after a 10 minutes’ 
reaction time, and as the time reached 30 minutes, a 92.52% removal was achieved for 
the same current density, leading to a 98.31% of turbidity removal after 1 hour of 
reaction time. However, the same trend can’t be said for the rest of the samples, where 
for the slag sample run at a current density of 30 mA/cm2 and 10 minutes’ runtime the 
turbidity removal was at a 99.3%, and as the time increase the removal percentage 
declined to a 97.9% after 30 minutes, then increased to reach 98.3% of turbidity removal 
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after 60 minutes. Similarly for the CD60 sample except that after 60 minutes’ reaction 
time, the turbidity removal percentage remained the same.  
The EDAX results show that the Fe particles  react with the EC systems , which can be 
clearly seen in the decrease of the atomic weight of the Fe as shown in Figure 28 and 
Table 7 after the EC treatment process. From the data, the Fe percentage decreased 
reaching 20.3%, while the aluminum percentage was 1.6%, indicating that both the 
aluminum and the iron in the sample are removed by the EC process. This is further 
supported by the decrease in the O percentage to a 33.5%, indicating lesser presence of 
the Fe2O3 . 
 
 
Figure 28: EDAX analysis of 425nm Slag sample after EC Process 
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Table 7:  
EDAX analysis of 425nm Slag sample after EC Process 
Elements	 Atomic	Number	 Atomic	Weight	%	
C	 6	 7.72	
O	 8	 33.44	
Na	/Mg	 11	/	12	 0.4	/	3.1	
Al	/	Mn	 13	/	25	 1.61	/	1.5	
Si	 14	 4.84	
Ca	 20	 26.2	
Fe	 26	 20.3	
 
 
 
Figure 29:  Oil and grease turbidity removal for 3 Slag containing samples at different 
current densities at different timelines	  
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As for Figure 29, oil and grease removal percentage is illustrated for the same 3 slag 
containing samples, each at different current density. It can be seen that the percentage of 
removal is varies for the entire sample while exceeding a 95% removal. At 10 minutes’ 
reaction time, the oil and grease removal achieved for the sample were as follows: 
CD10:98.85%, CD30:97.98, and CD60 99.64. As indicated the current density increases 
at a 10 minutes’ timeline, the removal is an enhancement well, with an exception for the 
CD30 sample. After 30 minutes of reaction time the oil and grease removal remained 
almost the same for the CD10 sample. As for the CD30 and CD60 samples, the removal 
decline to 95.51% and 99.15% respectively. After 60 minutes of reaction time same trend 
remained consistent with an increase in the oil and grease removal for the CD10 sample 
at 99.27%, and with a decline for the CD30 and CD60 samples at a value of 95.42% and 
98.97% respectively. 
 
3.2.2. Effect	of	reaction	time		
The effect of the reaction time of the slag containing samples against the current 
density on the total suspended solids, the turbidity and oil and grease removal percentage 
were investigated. 
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Figure 30: TSS removal for slag containing samples in reaction times at different current 
densities 
 
Figure 30 shows the relationship of 3 slag containing samples, each run at a 
certain current density ranging between 10, 30 and 60 mA/cm2 at different reaction times 
ranging between 10 , 30 and 60 minutes. At a current density of 10 mA/cm2, the sample 
with a reaction time of 60 minutes achieved the highest TSS removal at a value of 97.6% 
removal, when compared with the 30 minutes and the 10 minutes’ reaction time samples, 
at a 94.83% and 89.73% removal percentage respectively. As the current density 
increased to 30 mA/cm2, both of the 10 minutes and the 30 minutes’ reaction time 
samples seemed to exhibit improvement in the TSS removal percentage at a 98.67% for 
the 10 minutes’ sample and at a 96.67% for the 30 minutes’ sample. As for the 60 
minutes’ sample a slight decline was seen with a 96.27% removal. At a current density of 
60 mA/cm2 , the TSS removal is enhanced slightly for the sample run of 30 and 60 
minutes with a 99.13% and 98.13% TSS removal respectively , while the 10 minutes 
sample had a lower removal than when at a current density of 30 mA/cm2 at a 89% TSS 
removal. 
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Figure 31: Turbidity removal for slag containing samples in reaction times at different 
current densities 
 
Figure 31 shows the turbidity removal for the same 3 slag containing samples 
shown in Figure 30 . In the figure, it can be seen that at a current density of 10mA/cm2 
the turbidity removal was 85.9% at a 10 minutes’ reaction time, and the removal 
percentage increased as the reaction time increased reaching 92.52% at a 30 minutes’ 
reaction time, and 98.31% at a 60 minutes’ reaction time. As the current density reached 
30 mA\cm2, the turbidity removal percentage started to stabilize to reach an average 
removal of 97%, at a10 minutes reaction time having the highest at a value of 99.3% at  
30 minutes’ reaction time having the lowest at a 97.9%. At 60 mA/cm2 , all the reaction 
time samples seemed to have a similar turbidity removal at 98% with small variation 
between the samples of 98.6±0.35 
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Figure 32: Oil and grease removal for slag containing samples in reaction times at 
different current densities 
 
The oil and grease removal percentage is illustrated in Figure 32. Overall variation 
amongst all samples at all current densities and all reaction times seemed to exhibit a 
similar performance, with the samples run at 60 mA/cm2 had the highest oil and grease 
removal at a 99.97% for the 60 minutes reaction time and the lowest value at a 30 
minutes reaction time at a 99.13%, while the rest of the samples at 10 and 30 mA/cm2 
having the same removal at all reaction times at an approximated 98% removal except for 
the sample of 30 minutes and 60 minutes run at CD30 had a a removal percentage of 
95.51% and 95.42% respectively. 
 
3.3. The comparison of the slag sample and the pure sample  
Several parameters were studied to evaluate and assess the performance of the slag 
containing sample against the pure sample in the electrocoagulation process, such as, the 
current density, the reaction time and the weight of the slag added to the pure sample. 
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3.3.1. Effect	of	current	density		
The effect of current density on the slag containing sample and the pure one, was 
studied for several factors such as the total suspended solid, the turbidity and the oil and 
grease removal as illustrated in figure 33. The relationship was studied to evaluate the 
performance of a slag containing sample, and the removal percentage was achieved and 
compared by pure sample at the same and at different current densities versus other 
factors such as the anode consumption, the power consumption and the sludge volume 
formed, all while maintaining a constant reaction time of 10 minutes.  
 
3.3.1.1. Total	suspended	solids	removal		
 
 
Figure 33: Total suspended solids removal at 10 min of reaction time under different 
current densities for different pure samples and for a slag sample of CD 10 against the 
anode consumption % 
 
 	
56	
Figure 33 shows the relationship between total suspended solids removal and 
anode consumption, for four samples. These samples were a 5 grams’ slag containing 
sample run at 10 mA/cm2 current density, Three Pure samples, each of which is run at a 
different current density ranging from 10, 30 and 60 mA/cm2. It was seen that at a 10 
mA/cm2 the slag sample provided a better TSS removal at an 89.97% removal, when 
compared with the pure sample run at the same current density, which achieved a 55.73% 
removal, all of which while maintaining less than 0.2% anode consumption to both cases. 
Furthermore, as the current densities increased for the pure samples, a better TSS 
removal percentage than that of the slag sample was achieved, at current densities of 30 
and 60 mA/cm2, where the removal percentage are 91.73% and 90.80% respectively 
(Elazzouzi et al., 2017).  However, this enhanced TSS percentage of removal estimated 
by 1.8%, isn’t worth mentioning considering the relatively high anode consumption 
(0.8% -1.24%) resulted at such current densities. 
 
 	
57	
 
Figure 34:Total suspended solids removal at 10 min of reaction time under different 
current densities for different pure samples and for a slag sample of CD 30 , against the 
anode consumption % 
 
Moreover, increasing the startup current density for the slag containing sample 
and the pure sample to 30 mA/cm2, and then increasing it to a current density to 60 
mA/cm2 for the pure sample while measuring both the TSS removal and the anode 
consumption percentage resulted in Figure 34. An improved TSS removal percentage was 
seen for the slag containing sample than the pure sample at the same current density at 30 
mA/cm2 , while maintaining a lower anode consumption percentage. The slag containing 
sample showed a better TSS removal of 98.68 % than the pure sample of 91.73% and a 
better performance than the pure sample at a current density of 60 mA/cm2 of 90.8%. 
This was accompanied by a better anode consumption percentage estimated by 0.63% for 
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the slag containing sample at a current density of 30mA/cm2 , 0.85% for the pure sample 
at the same current density , and a 1.24% for the pure sample at a higher current density 
of 60 mA/cm2 . 
 
 
Figure 35: Total suspended solids removal at 10 min of reaction time under different 
current densities for different pure samples and for a slag sample of CD60 against the 
anode consumption % 
 
The performance of , slag containing sample and a pure one at the same current 
density of 60 mA/cm2 for 10 minutes compared as shown in Figure 35. It can be seen in 
the figure that the slag containing sample isn’t a better improvement in TSS removal at a 
higher current density than the pure one with an estimated decrease of 0.8% difference 
than that of the pure sample.  This decrease in the TSS removal is accompanied by an 
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increase in the anode consumption of 0.29% of that of the pure sample. This behavior 
indicates that at a higher current density, the slag will start reacting more with the anode 
causing the anode to be consumed more than that of the pure sample. This is to be 
explained in a section covering the relationship between the anode consumption and the 
current density in more details. The increase TSS removal for the slag containing sample 
over the pure sample can be best described by Schultze- Hardly’s rule, which implies that 
the increase of the metal ions in the sample acts as a charge destabilizing agent for the 
colloidal particles , hence increase their settling chances .(Moussa et al., 2017). This is 
greatly noticed in the FTIR analysis  
 
 
Figure 36: FTIR image of a slag sample after EC Treatment 
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As for Figure 36 , the slag sample was analyzed after an EC treatment process of 
10 minutes reaction time, at a current density of 10 mA/cm2 . The main functional groups 
is the hydroxide group at 3337 cm-1 stretch. This indicates the precedence of the Fe(OH)3 
resulted from the slag taking part in the electrochemical reaction with the anode and the 
produced water. Alongside these groups, the presence of the methyl (-C-H) functional 
group can be found at 1435 cm-1 as well. At 1630 cm-1, the presence of an (H-O-H) bond 
can be found indicating the presence of water. The presence of Fe-O bond can be seen at 
500 cm-1.	
 
3.3.1.2. Turbidity	removal		
 
Figure 37:	Turbidity removal at 10 min of reaction time under different current densities 
for different pure samples and for a slag sample of CD 10, against the sludge removal in 
ml/L	
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Another factor where the performance was tested as well, is the turbidity removal of the 
slag containing sample against pure sample at different current densities, while 
considering the volume of the sludge formed volume. Seen in Figure 37, The slag 
containing sample at a current density 10 mA/cm2 showed a better turbidity removal 
performance at an 85.6% than the pure sample at the same conditions at 80.1%. However, 
this wasn’t the case with the increase of the current density to 30 mA/cm2 and 60 mA/cm2 
for the pure sample, which showed a better performance than the slag containing sample 
run at 10 mA/cm2. The sludge volume formed is showed the same similar pattern to the 
turbidity removal pattern, where the slag containing sample is forming more sludge at 51 
ml/L than the pure sample at 37 ml/L. This improvement however can be due to the 
volume of the slag within the imhoff cone, hence indicating an almost similar 
performance for the slag sample to the pure one at the same current density. The increase 
in the current density showed a great improvement over the sludge formed volume 
reaching 187 ml/L for the pure sample at a current density of 60 mA/cm2. It’s worth 
mentioning that the sludge layer formed from the electrochemical reaction, can be easily 
removed, considering the fact that it’s mainly made of metal oxides.(Ghernaout, 2011). 
The deposition of these metals oxides can be seen in the SEM analysis.  The SEM was 
used to identify the structure of the 425-nm particle size slag before and after the 
electrocoagulation process in order to identify where or not if any changes would occur to 
the slag structure and what sort of changes would occur. The figure below shows the 
differences of between two slag sample, each two at the same magnification scale, both 
before and after the EC process.   Figure 38A and Figure 38B shows the slag sample at a 
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25k magnification before and after the electrocoagulation treatment correspondingly. In 
terms of structure, the slag sample prior treatment (A) seemed to be having a large 
colloids structure when compared to the same sample after the EC treatment (B), where 
these large collides tends to decrease into a smaller size. As for the boundaries between 
these particles, it can be seen that the slag sample prior treatment at a higher 
magnification of X50 in Figure 38C , tends to have large gaps in its structure when 
compared to the same sample after the treatment (D). The same thing can be said to the 
adhesion between the particles, where it is visible in Figure 38E at X100K magnification 
that the slag sample pre-treatment tends to be less uniform with every wide range of 
particle sizes. As for Figure 38D , the same sample after  the EC treatment tends to have a 
small gaps between its particles due to the formation metal oxides between their particles, 
leading to more sludge formation in the presence of the slag. 
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Figure 38:SEM images for 2 slag samples at different Magnifications A) Pre-EC 
Treatment at X25k. B) After EC Treatment at X25k. C) Pre-EC Treatment at X50k. D) 
After EC Treatment at X50k. E) Pre-EC Treatment at X100k. F) After EC Treatment at 
X100k 
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Figure 39: Turbidity removal at 10 min of reaction time under different current densities 
for different pure samples and a slag sample of CD 30 against the sludge removal in ml/L 
 
As seen in Figure 39 ,the turbidity removal for the slag containing sample showed 
a better performance at the 99.30% removal than the pure sample at the same current 
density of 30 mA/cm2, and a similar performance for the pure sample at a current density 
of 60 mA/cm2 at a 99.7% removal. However, the slag containing sample seemed to show 
a worst performance at 60 ml/L when compared to the pure sample at 118 ml/L at the 
same current density. 
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Figure 40: Turbidity removal at 10 min of reaction time for a slag sample of and another 
pure sample at CD60 against the sludge removal in ml/L 
 
At 60 mA/cm2, the slag sample showed a similar turbidity removal performance to 
the pure sample at a 99% removal, while showing a far better sludge formation of 312 
ml/L compared to the pure sample sludge volume of 187 ml/L as per Figure 40. This 
indicates that slag sample tends to form more sludge than the pure sample at a 60 
mA/cm2 current density. 
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3.3.1.3. Oil	and	grease	removal			
 
Figure 41: Oil and grease removal at 10 min of reaction time under different current 
densities for different pure samples and a slag sample of CD 10 against power 
consumption in WH/m3 
 
Illustrated in Figure 41, is the relationship between different samples run at 
different current densities, and their oil and grease removal percentage and its 
corresponding power consumption in WH/m3. At a current density 10 mA/cm2, both slag 
sample and the pure one showed a similar oil and grease removal percentage at a 98.8% 
and similar power consumption at 0.1 WH/m3. As the current density increase for the 
other pure samples, the power consumption increases, while maintaining a similar oil and 
grease removal, extending to 99.5% at a 60 mA/cm2. This concludes that the slag 
containing sample showed an overall better performance when compared with the higher 
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current density pure samples, and a similar performance to the same current density pure 
sample. 
 
Figure 42: Oil and grease removal at 10 min of reaction time under different current 
densities for different pure samples and a slag sample of CD 30 against the power 
consumption in WH/m3 
 
In Figure 42, at a current density of 30 mA/cm2 , the slag sample showed a similar 
oil and grease removal performance of 98.56% to the pure sample with a 0.5% 
enhancement to the pure sample , all while maintaining the same power consumption at a 
0.54 WH/m3. As the current density reaches 60 mA/cm2 for the pure sample, an 
improvement in the oil and grease removal percentage can be noted reaching 99.5%. 
However, this improvement is contingent on the power consumption reaching 2.1 WH/m3 
, hence making the less than 1% oil and grease removal percentage difference from the 
slag sample not beneficial. 
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Figure 43: Oil and grease  removal at 10 min of reaction time  for a slag sample of and 
another pure sample at CD60 against the power consumption in WH/m3 
 
In Figure 43, at a current density of 60 mA/cm2 , both of the slag sample and pure one 
showed an almost exact oil and grease removal percentage of 99.27% with a slight 
enhancement for the pure sample reaching 99.5% , while maintaining the same power 
consumption at a 2.1 WH/m3 
3.3.2. Effect of reaction time  
The effect of reaction time on the slag containing sample and the pure one was 
studied for the same factors studied in the case of current density. The relationships 
illustrated show the performance of a slag containing sample, and compared it with a 
pure sample at the same and at different reaction times against other factors such as the 
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anode consumption, the power consumption and the sludge volume at a constant current 
density of 10 mA/cm2.  
3.3.2.1. Total	suspended	solids	removal		
 
 
Figure 44: Total suspended solids removal at CD10 under different reaction times for 
different pure samples and for a slag sample reaction time of 10 min against the anode 
consumption % 
 
Figure 44 shows the relationship between the reaction time, the total suspend 
solids removal percentage and the anode consumption for four different samples. One of 
which is a slag containing sample, and the rest are pure samples, each is run at different 
times, at the same current density of 10 mA/cm2. After 10 minutes of reaction time, the 
slag sample achieved a better total suspended solid removal at a 89.7% than the pure 
sample at a 55.7%, while maintaining the same anode consumption of 0.15%. After 30 
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minutes of reaction time, the pure sample showed a similar performance of that seen by 
the slag sample after 10 minutes of a 90% TSS removal percentage at the cost of having a 
higher anode consumption at 0.53%. However, increasing the reaction time for the pure 
sample to a 60 minutes’ run, increased its TSS removal percentage to 96.7%, while 
having a higher anode consumption of that of the slag sample at a 1.37%. 
 
 
Figure 45: Total suspended solids removal at CD10 under different reaction times for 
different pure samples and for a slag sample reaction time of 30 min against the anode 
consumption % 
 
In Figure 45, increasing the reaction time to 30 minute for both of the slag sample 
and the pure one, increased the slag sample TSS removal percentage to 94.83% over 90% 
for the pure sample, while having a lower anode consumption at 0.15% for the slag 
sample when compared to 0.53% for the pure sample. However, comparing the slag 
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sample run at 30 minutes to the pure sample run at 60 minutes, the slag sample showed a 
lower TSS removal percentage than the pure sample which has 96.67% percent, but at a 
high anode consumption of 1.37% . 
 
 
Figure 46: Total suspended solids removal at CD10 and a reaction time of 60 min  for 
both of the slag sample and the pure sample against the anode consumption % 
 
In Figure 46, setting the reaction time at 60 minutes for both of the slag and the 
pure sample, the slag sample proved superior to the pure sample in terms of TSS removal 
with a 97.6% for the slag sample and 96.67% TSS removal for the slag sample, all while 
having the same anode consumption of 1.37% for both samples. 
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3.3.2.2. Turbidity	removal		
 
 
Figure 47: Turbidity removal at CD10  under different reaction times for different pure 
samples and for a slag sample reaction time of 10 min against sludge volume in ml/L 
 
In Figure 47, the performance for turbidity removal of the slag containing sample 
against the pure sample at different reaction times was tested at a fixed current density of 
10 mA/cm2, while considering the volume of the sludge formed. The figure shows testing 
the turbidity removal percentage and the sludge volume (mL/L) for a slag sample at a 10 
minutes reaction time, and comparing it to three pure samples, each of which is run at a 
different reaction time ranging from 10, 30, and 60 minutes. The slag sample showed a 
superior performance at an 85.9% turbidity removal compared to the pure sample run at 
10 minutes’ 80.1% turbidity removal, while maintaining a better sludge volume 
formation at a 50 ml/L to 37 ml/L of that of the pure sample. However, as the reaction 
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time increases for the pure sample, a significant enhancement is achieved over the slag 
sample in terms of the turbidity removal and the sludge volume formation. For the Pure 
sample, at 30 minutes the turbidity removal is 90.3% at a 47.7 ml/L sludge volume 
formation, and at a 60 minutes reaction time the turbidity removal is 98.77 % at a 72 
ml/L sludge volume formation. It’s worth mentioning that the high sludge volume formed 
and the high turbidity removal percentage is achieved at a long reaction time when 
compared to the slag sample run at 10 minutes. This difference is to be seen in the 
scenarios below. 
 
 
Figure 48: Turbidity removal at CD10 under different reaction times for different pure 
samples and for a slag sample reaction time of 30 min against sludge volume in ml/L 
 
In Figure 48, increasing the reaction time to 30 minute for both of the slag sample 
and the pure one, increased the slag sample turbidity removal to 92.52% over 90.3% of 
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the pure sample, while having a higher sludge volume of 60 ml/L for the slag sample 
compared to 47 ml/L for the pure sample. However, comparing the slag sample run at 30 
minutes to the pure sample run at 60 minutes, the slag sample showed a lower turbidity 
removal percentage than the pure sample which has 98.77% percent at a higher sludge 
volume of 72.6 ml/L. 
 
 
Figure 49: Turbidity removal at CD10 and a reaction time of 60 min for both of the slag 
sample and the pure sample against the sludge volume in ml/L % 
 
In Figure 49, setting the reaction time at 60 minutes for both of the slag and the 
pure sample, the slag sample showed a similar performance to that of the pure sample in 
terms of turbidity removal with a 98.31% for the slag sample and 98.77% for the slag 
sample, while having a higher sludge formation volume estimated by 77.5 ml/L. 
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3.3.2.3. Oil	and	grease	removal			
 
 
Figure 50: Oil and grease removal at CD10 under different reaction times for different 
pure samples and for a slag sample reaction time of 10 min against the power 
consumption in WH/m3 
 
In Figure 50, the relationship between different samples reaction time at the same 
current density of 10 mA/cm2 and their oil and grease removal percentage and its 
corresponding power consumption in WH/m3 are illustrated. At all reaction times for all 
the samples, very small variation in the oil and grease removal percentages amongst the 
four samples can be seen. The slag sample and the pure samples showed a similar oil and 
grease removal percentage at a 98.85% for the slag sample run at 10 minutes. As for the 
pure sample, the oil and grease removal achieved was 98.91% for the 10 minutes’ 
sample, 98.88% for the 30 minutes’ sample, and 98.32% for the 60 minutes’ sample. 
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However, a key factor differentiating between the all these sample was the power 
consumption with the slag and the pure sample run at 10 minutes having the lowest 
power consumption at a 0.1 WH/m3, and the pure samples run at a 30 minutes and a 60 
minutes reaction time having a higher power consumption at a 0.3 WH/m3 and 0.59 
WH/m3 correspondingly. 
 
 
Figure 51: Oil and grease removal at CD10  under different reaction times for different 
pure samples and for a slag sample reaction time of 30 min against the power 
consumption in WH/m3 
 
At a reaction time of 30 minutes as per Figure 51, the slag sample showed a 
similar oil and grease removal percentage removal performance of 98.56% to the pure 
sample with a 0.3% enhancement to the pure sample, all while maintaining the same 
power consumption at a 0.3 WH/m3. As the reaction time reaches 60 minutes for the pure 
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sample, a slight decline in the oil and grease removal percentage can be noted, reaching 
98.32% at the cost of having a higher power consumption of 0.59 WH/m3. 
 
 
Figure 52: Oil and grease removal at CD10 and a reaction time of 60 min for both of the 
slag sample and the pure sample against the power consumption in WH/m3% 
 
In Figure 52, at a reaction time of 60 minutes, the slag sample seemed to 
preformed slightly better than the pure sample at 99.27% oil grease removal percentage, 
while the pure sample achieved a 98.32% removal, all while maintaining the same power 
consumption at a 2.1 WH/m3 
3.3.3. Slag	Sample	removal	improvement	over	pure	sample		
 
As noticed from the sections above, a significant improvement of the slag 
containing sample is seen in terms of removal percentages of TSS, turbidity and oil and 
grease than the pure samples. This improvement can be explained by the adsorption 
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isotherm. In the pure sample the coagulation process tends to happen as a result of the 
aluminum hydroxide formation. As the electrochemical reaction takes place, aluminum 
hydroxide tends to form at 7 pH. These Al2(OH)3(S) will tend to trap the pollutants and 
the colloids within the original sample and separate them in the form of sludge or foam. 
(Terrazas et al. , 2010) 
The addition of the slag to the pure sample will cause the iron in the slag sample 
to start reacting with the system, transforming Fe+2 into Fe(OH)3(s) as well as Fe(OH)3(aq) 
alongside the aluminum hydroxide originally formed from the aluminum anode. These 
cationic hydroxides complexes will remove any pollutants by adsorption because of the 
charge neutralization, by complication, electrostatic attraction or by enmeshment in the 
form of Fe2O3 and Fe(OH)3 precipitate. (Mollah et al., 2001) 
Additionally, changes in pH value tend to take place as a result of the hydroxide 
species formation from 6 to 7.7 as indicated in the diagram below. This will cause 
improvement over the pure sample in terms of TSS, turbidity and oil and grease removal 
percentage. 
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Figure 53:Dominance zone diagram for different Fe species at different pH (Ting & 
Dahlan, 2011) 
 
Increasing either the current density or the reaction time beyond a CD30 mA/cm2 or 
30 minutes, reaction time showed a better removal for the pure sample in terms of TSS. 
However, the same can’t be said for slag containing sample, where the adverse effect 
tend to happen most of the time. These adverse changes will effect both of the total 
suspended solids and the turbidity removal percentage, as well as the electrode 
consumption rate and the conductivity to a level lower than anything recorded in the case 
of the pure samples. This can be as a result of the decrease in the conductivity of the slag 
containing sample solution over the pure sample, due to the formation of Fe2O3 as seen in 
Figure 53, which in return affect the electrochemical cell efficiency and puts an extra 
load on the aluminum anode that is consumed at a faster rate.(Öztürk et al. , 2013)  
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3.3.4. Effect	of	slag	weight	
 
 
Figure 54: 3 slag samples of different weights of 5g, 10g, and 15g and a pure sample and 
the removal percentage for their TSS, o&g and turbidity for the same condition of CD10 
at 10 min of reaction time 
 
Figure 54 shows 3 slag samples of different weights of 5 grams, 10 grams, and 15 
grams and a pure sample. The Removal percentage for their total suspended solids, oil 
and grease and turbidity removal is measured for the same condition of 10 mA/cm2 
current density at 10 minutes’ runtime. The oil and grease removal is showed almost the 
same pattern for the four samples with a slight edge for the pure sample at a 99% removal 
over the slag containing sample, where at oil and grease removal percentage for the 
5g,10g and 15g slag containing sample is 96.5%, 95.3% and 95% correspondingly. 
Furthermore, the total suspended solid removal percentage for the slag containing 
samples showed better removal with a minimal performance of 23.6% than the pure 
sample for the 10 grams’ slag containing sample. Moreover, it’s worth noticing that as 
the weight of the slag is increased, a better performance of 86% removal is seen, whereas 
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the 5 grams’ slag containing sample showed an 83% TSS removal. However, this 3% 
difference of TSS removal percentage, isn’t worth mentioning when considering the 
anode consumption, the turbidity removal percentage and oil and grease removal 
percentage, whom of which happens to increase for the anode consumption case, and 
decrease for the rest of the parameters. As for the percentage removal of turbidity, the 
slag containing sample showed a huge improvement over the pure sample, where the 5 
grams’ sample showed a 56% removal percentage, whereas the pure sample showed 27% 
of turbidity removal. With the increase of the slag weight, a decline was noticed in the 
turbidity removal, reaching 55% for the 10 grams’ slag sample, and 50.6% for the 15 
grams’ slag sample. Overall, a better removal percentage was seen for the 5-grams’ slag, 
and with any increase of the slag weight, a decline was seen. The reason for that can be 
either one of three things. The first reason can be that the addition of more slag to the 
produce water will cause the TSS and the Turbidity to increase due to the dust particle 
trapped within the slag pore. The second reason can be that the increase of slag weight 
will cause it to stick to the magnetic stirrer instead of spreading through the water, even 
at high a rpm. The third reason is due to the excess amount of slag added to the produced 
waster sample, an excess amount of Fe2O3, decreasing the current conductivity and hence 
decreasing the efficiency of the cell. Similar results were reported by Vepsäläinen (2012) 
indicating that the excess additional of any metals within the solution to be treated, is 
going to cause a reverse effect to the collides’ stabilization process, affecting both of the 
turbidity and the total suspended solids removal.  
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3.4. Other factors  
3.4.1. Current	density	and	electrode	consumption		
 
 
Figure 55: Current density Vs. electrode consumption for different slag and pure samples 
at different reaction times 
 
Figure 55 shows the relationship between the electrode consumption and the 
current density for both pure water sample and the slag containing sample at different 
times. The relationship illustrated between the current density and electrode consumption 
is promotional, where the higher the current density achieved, the higher the electrode 
consumption reached. The same relationship can be said between the electrode 
consumption and the reaction time in general for both the slag containing sample and the 
pure sample. At a current density 10 mA/cm2 at a 10 minutes’ reaction time for both the 
slag containing sample and the pure sample, the electrode consumption is almost the 
same, unlike the case for sample runs at a current density of 30 mA/cm2, where the slag 
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containing sample showed 0.5% electrode consumption less than the pure sample. 
Furthermore, the dramatic changes can be seen when running both samples at a current 
density of 30 mA/cm2. At a reaction time of 10 minutes, the Slag sample shows improved 
electrode consumption by 0.25% than the pure sample. However, as the reaction time 
increases, this result starts switching as a better performance is noticed for pure samples 
of 0.75% at 30 minutes and of 1.5% at 60 minutes than the sample containing slag. This 
can be explained by the fact that at the beginning of the electrochemical reaction in the 
slag containing sample, the AL-AL reaction will take place normally without any 
interference from the slag, yielding AL+3 and H+ within the solution. As the runtime 
increases, the pH of the solution will start changing and hence the Eo of the cell, changing 
the Fe(s) to Fe+3(aq), Fe+2(aq)  FeoH+  and other complex Fe species as per Nernst equation.  
These Fe species will tend to react with the anode electrons, when the slag is in direct 
contact with the anode to form solid Fe and hence becoming the another new cathode 
instead of the Al Cathode, resulting in a significant anode consumption of long periods of 
time.  
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3.4.2. Conductivity	and	time	relationship	
 
Figure 56: Conductivity vs. time for different pure and slag samples at different current 
densities 
 
Figure 56 shows the current density variation for 6 samples, 3 of which are pure, 
and the others are slag containing samples. The differences between these samples lie 
within the variation of the current density. For each pure and slag containing sample, a 60 
minutes run is achieved over an hour period, over 10, 30 and 60 mA/cm current density 
and the conductivity is recorded. The variation in conductivity can almost be random 
after 10 minutes for all the samples, followed by a steady state phase after 30 minutes 
until an hour run. The variation within the conductivity can be said to be insignificant, 
with the lowest conductivity recorded being 92 mS/cm and the highest at 97 mS/cm, 
keeping in mind that the original sample conductivity being at 94.3 mS/cm.  
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3.4.3. pH	and	time	relationship	
 
Figure 57: pH Vs. time for different pure and slag samples at different current densities 
Figure 57 shows the relationship between pH change and the reaction time for 
different pure and slag containing samples at different current density. The variation seen 
in the pH for the different samples with time can almost be said to be random variation. 
This is due to the complex chemical reaction taking place in the sample as well as the 
high conductivity of the solution. ( Chen, 2004) Moreover, at a current density 10mA/cm2 
the slag containing sample will tend to have a higher pH increase than the pure sample. 
This is almost the same case at a current density of 30 mA/cm2, except for the fact that 
after 10 minutes the slag containing sample pH will tend to decrease below the pure 
sample pH at 60 minutes. At a current density of 60 mA/cm2 both the slag and the pure 
sample exhibit the same pH variations. It’s worth mentioning that the best removal 
efficiency’s is found to samples of which initial pH is near neutral conditions and that the 
addition of slag to the sample is providing a way to remove any discoloration form the 
original sample (Fengxian et al.,1995) . This is due to the formation of yellow Fe(OH)3(s) 
particles at natural pH between 7-8 which replaces the black produced water particles.( 
Ghernaout et al., 2008)  
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CONCLUSION  
The introduction of the steel slag to the electrocoagulation process for produced water 
treatment holds potential to enhance the pollutants removal efficiency and the power 
consumption in the overall process. The performance of total suspend solids, turbidity, 
and oil and grease removal percentage was studied for slag containing samples against 
pure samples amongst other characteristics such as the anode consumption, the 
electrolysis power consumption as well as the sludge volume formed. Key parameters 
that were controlled are the current density of the cell, the reaction time of the 
electrochemical reaction, as well as the slag weight. Controlling the current density was 
achieved by setting a constant reaction time of 10 minutes for all electrochemical 
reactions of both of slag containing samples and the pure ones, where it was seen that the 
slag sample provided a better TSS and turbidity removal percentage when compared with 
the pure sample at the same reaction time, while maintaining the same anode and power 
consumption and a better sludge formation volume. As for the oil and grease removal, the 
slag samples showed a similar performance to the pure samples when run at the same 
time period with a slight edge for the pure sample estimated by 0.3% oil and grease 
removal. Moreover, controlling the reaction time, while setting a constant current density 
at a 10 mA/cm2 for all slag samples and the pure ones, where it was found that the slag 
sample increased the TSS removal with an average of 10% of that of the pure sample run 
at the same reaction time, while providing a similar anode consumption. As for the 
turbidity removal, at the same reaction time the slag sample showed an improvement in 
the removal percentage over the pure sample estimated at an average of 2.5%, while 
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having a higher sludge formation volume. As for the oil and grease removal, the slag 
samples showed a similar performance to the pure samples when run at the same time 
period, with a slight edge for the pure sample estimated by 0.15% oil and grease removal. 
Furthermore, controlling the weight of the slag at constant current density of 10 mA/cm2 
and at constant reaction time of 10 minutes and comparing it with a pure sample at the 
same conditions generated a similar oil and grease removal percentage with a slight edge 
for the pure sample over the different weights of the slag containing samples. 
Furthermore, it was seen that as the weight of the slag increases, the less the efficiency in 
the oil and grease removal is achieved. Moreover, the case for the TSS removal was the 
exact opposite where it was seen that a better TSS removal is achieved for the slag 
containing sample over the pure sample, and as the weight of the slag is increase the 
better the TSS removal is achieved. As for the turbidity, the effect of increasing the slag 
weight resulted in decreasing the removal effectively due to either the dust particle within 
the slag pore or the slag sticking to the magnetic stirrer, all while maintaining a high 
removal performance over the pure sample. The Variation of the pH of the solution and 
the conductivity were monitored during the reaction time and variation in their reading 
was reordered. However, these variations can be said to be random due to the complex 
nature of the chemical reaction taking place with the slag containing samples. 
For any further work to be conducted with steel slag EC system, it is recommended to 
start with a current Density of 30 mA/cm2 at a 30 minutes’ reaction to obtained the 
optimum removal in terms of TSS, turbidity and oil and grease at a low power 
consumption. 
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